4 5 Highlights 6  A generic numerical model for shale gas flow in tight reservoir is proposed 7  A flexible open-source framework OpenShale is developed with EDFM 8  EDFM can lead to large error for shale gas flow without help of grid refinement 9  A new geomechanics model for hydraulic and natural fractures is proposed and evaluated 10  OpenShale successfully applied in field history matching and new model evaluation 11 12 Abstract 13 We present a generic and open-source framework for the numerical modeling of the expected 14 transport and storage mechanisms in unconventional gas reservoirs. These unconventional reservoirs 15 typically contain natural fractures at multiple scales. Considering the importance of these fractures in 16
Flow and transport theory and models for unconventional reservoir is a rapid evolving area of 1 research, many of the existing and newly discovered phenomenon have not been completely understood.
2 Also, the effect of these mechanism on practical well performance is not clear. To the best of our 3 knowledge, almost all existing numerical models for shale gas reservoir are implemented in in-house 4 simulators or commercial simulators (Jiang and Younis, 2015 , Cao et al, 2016 , Xu et al, 2017 , Wang et 5 al, 2017 and Akkutlu et al, 2018 . Hence, it is necessary to develop a flexible and generic open-source 6 framework to fill this gap.
7
In this paper, a generic numerical model is developed to simulate shale gas flow in unconventional 8 reservoirs with multi-scaled fractures, which can be used to integrate any shale gas transport and 9 storage mechanism for unconventional reservoirs as well as the geomechanics effect for fracture (1 ) ( ) in ( ) in app i i g ad g g w m gsc g
where g is the mass density of gas, M/L 3 ; g is the dynamic viscosity of natural gas, N.T/L 2 mad 5 is the accumulation term due to adsorption, M/L 3 ;  is the matrix porosity, dimensionless; k0 is the 6 absolute Darcy permeability of the reservoir rock, L 2 . Fapp,i is the i-th permeability correction factor 7 for a specific shale gas transport mechanism; qw is the volumetric sink/source term, M/L 3 /T. k0 is the 8 absolute Darcy permeability of the reservoir rock, L 2 . 9 2.1 Gas properties calculation and belongs multi-component compositional simulation which will be investigated in our 5 future work. Fig. 3 shows an estimation of Z-factor for methane using Eq.5 and Eq. 6, respectively. 
where the unit of M, T are g/mol and Rankine, respectively. Fig. 4 shows an estimation of 4 viscosity for methane using Eq.7.
5
Noted that although the usage of pseudo-pressure equation can eliminate the nonlinearity issue 6 introduced by pressure-dependent gas viscosity and compressibility (Eqs. 5-6), it leads lead to even 7 larger errors especially for tight shale reservoirs (Houze et al, 2010) . Thus, in this paper, the real-gas 8 equation is used. 9 2.2 Transport and storage mechanism
10
Since rapid commercial development of unconventional tight reservoirs in recent years, many 11 researchers spend enormous effort to understand the transport and storage mechanism of shale gas in 12 such complex multi-scale systems . Several key physical mechanisms (Yu et al, 2016; 13 Klinkenberg, 1941; Florence et al, 2007; Javadpour, 2007; Civan, 2010) can be summarized as in Table   14 2.
15
In the presented open-source code, OpenShale, any storage and transport mechanisms models can be 16 easily implemented via defining nonlinear gas storage function (mad) and permeability correction 17 function (Fapp). Demonstrative storage and transport models implemented in OpenShale this study are 18 shown as follows:
19 
whereVL is the Langmuir volume, L 3 /M. PL is the Langmuir pressure, M/L/T 2 . s is the density 3 of rock bulk matrix M/L 3 , VL is the Langmuir volume (the maximum adsorption capacity at a given 4 temperature), L 3 /M. PL is the Langmuir pressure (the pressure at which the adsorbed gas volume is 5 equal to VL/2), M/L/T 2 . Vm is the BET adsorption volume, L 3 /M. C is the BET adsorption constant, 6 dimensionless. n is the BET adsorption molecular layers, dimensionless. ps is the pseudo-saturation 7 pressure, M/L/T 2 . Noted that, the unit of Ps is MPa. Fig. 5 shows an estimation of adsorption 8 isotherm using Eq.8 and Eq. 9, respectively. where Kn is the Knudsen number, dimensionless. is the rarefaction parameter, dimensionless.
2 Fig. 6 shows an estimation of gas slippage and diffusion permeability correction factor for methane 3 using Eqs. 10-11.
4
Non-Darcy Flow: In case of high Forchheimer number (Foc>0.11) in the hydraulic fractures, the 5 linear Darcy flow is no longer applicable (Zeng and Grigg, 2006) . The permeability correction factor 6 (Barree and Conway, 2004) for Darcy-Forchheimer flow can be expressed as follows: As shown in Fig. 2 , shale reservoir has multi-scale fractures. The fracture conductivity will be 16 decreased with increasing of production time due to the proppant embedment and fracture closure 17 under high stress concentration near the fracture (Akkutlu et al, 2018 , Hu et al, 2018a , 2018b To consider the micro-fracture closure, Gangi's (1978) empirical pressure-dependent 6 permeability reduction model can be applied as follows:
Where B is the Biot's constant, Pc is the confining overburden pressure, P1 is the effective 9 stress when micro-fracture completely closed. m is a constant related to surface roughness. Fig. 7 10 shows an estimation of Gangi permeability correction factor for methane using Eqs. 14. has stochastic orientation and lacking support from proppant. Thus, the closure stress for hydraulic 12 fracture and natural fracture can be expressed as follows:
13 min min max HydraulicFrac:
The empirical correlation between fracture conductivity and closure pressure are shown in Fig.   15 8. In the OpenShale, the fracture permeability can be reduced by a dynamic permeability correction 16 factor as follows: The discretized governing equation of Eq. 3 can be expressed as follows:
The discretized governing equation for each 1D fracture system can be expressed as follows: be defined as follows:
A generic numerical model for fractured reservoir considering shale gas transport and storage 7 mechanism can be expressed as follows:
Assuming vertical well fully penetrate the reservoir thickness, a semi-analytical well model 10 (Peaceman, 1983) for a vertical well can be expressed as follows:
where pbh is the bottom hole pressure of a wellbore, M/L/T 2 . WI is the wellbore flow index.
13
The solution matrix from Eqs. 21 can be expressed as follows:
Noted that the shale gas viscosity, density and permeability corrections terms are all depends on 1 solution variables. To solve non-linear system of Eq. 23, the residual form of Newton's iterations can 2 be expressed as follows:
The Jacobian matrix J is calculated by automatic differentiation in MRST. Thus, the matrix grid is not necessary conforming with the fracture plane. As shown in Fig. 11 , there 11 are three kinds of non-neighbor connection (NNC) in EDFM formulation: 1) fracture-matrix 12 connectivity, 2) fracture-fracture connectivity and 3) fracture-well connectivity. The general NNC 13 model can be expressed as follows (Xu, 2015) : where Ai,k is the intersection area fraction between a fracture plane and a gridblock. For 2D grid, 2 the area is the product of intersected fracture cell length within the matrix cell and uniform formation 3 thickness, DZ. Noted that the harmonic average and upwind scheme are used for the permeability 4 and viscosity, respectively. , i k d is the average normal distance between matrix cell and fracture 5 plane, which can be calculated as follows:
For 2D structured grid, an analytical solution is available for the average normal distance (see 
where Af is the cross-section area of a fracture plane, for 2D cell, which can be calculated by 13 product of fracture aperture, wf, and formation thickness. hf is the fracture cell length.
14 Fracture-well NNC: If a well intersected with a fracture cell, the effective wellbore index (WI) 15 and equivalent radius (re) can be expressed as follows (Xu, 2015) :
where s is the skin factor, dimensionless, which will be used as a correction factor to correct the OpenShale is firstly verified in a simple methane production case against a commercial 3 simulator (CMG) with a single vertical hydraulic fracture (Fig. 12) . By changing the hydraulic properties and simulation parameters are the same with the commercial simulator. The 8 compressibility factor Z and natural gas viscosity are directly interpolated from the properties table   9 of the commercial simulator. Detailed simulation properties are shown in Table 4 .
10 the fracture conductivity is set as 10000 md-ft to eliminate the EDFM error mentioned in Case1a. All 6 other parameter is the same with Case1a. As shown in Fig. 14 on accuracy for OpenShale with EDFM is also investigated. As shown in Fig. 17 OpenShale with EDFM can model complex and irregular natural fractures accurately and efficiently.
5
Thus, in the following simulations, an empirical skin-factor and uniform grid refinement are adopted adaptively grid refinement will be implemented in our future work. geometries as well as the sharp pressure gradient near the fracture. In this case, the gas rate solution 13 of two sub-case are investigated. In the first sub-case (Case2a), the well performance with and 14 without storage (Eq. 8) and transport mechanism (Eq. 10) is considered. In the second sub-case 15 (Case2b), the irregular fracture geometry is considered. The fracture map of Case2a is shown in Fig.   16 19. Detailed simulation parameters for Case 2 are elaborated in Table 4 . Correction skin factor -43
Production time days 10000
Other parameters are the same as in Table 2 Fig. 20 shows pressure contour after 2500 days of production for Case 2 with and without 1 transport mechanisms. It can be observed that the sub-case with full mechanism has better pressure 2 depletion (dark blue region) than one without any mechanism. Fig. 21 shows a good agreement 3 between gas flow rate between OpenShale and an in-house simulator, where demonstrates that the 4 both adsorption and gas slippage and diffusion effect increase the gas production significantly. In 5 tight unconventional reservoirs, smaller pore-throat and lower bottom-hole pressure can lead to 6 higher production due to gas slippage flow and releasing adsorbed gas. In the previous sections, OpenShale shows it capability to handle arbitrary transport and storage 6 mechanism and fracture geometries. To further illustrate the applicability of OpenShale in practical 7 problems, two case studies of OpenShale in realistic unconventional reservoirs with complex fracture 8 network are presented. To further verify the applicability of the OpenShale. A history matching with field production 11 data on a Barnett shale has performed. The field production and simulation data are adopted from 12 literature (Cao, Liu and Leong, 2016; Yu and Kamy Sepehrnoori, 2014) . The detailed reservoir and 13 fluid parameters are shown as in Fig. 22 and Table 5 . Other parameters are the same as in Table 2 In this simulation, a rectangle reservoir with dimension of 1100 × 290 × 90 m was discretized 4 by 148 × 39 × 1 grids. 28 stages hydraulic fractures in the center of domain with the half-length of considered. Fig. 23 shows the pressure contour at different production time (400 days and 1600 8 days). Fig. 24 shows the comparison of production rate between OpenShale and field data which shows good agreements with the field production data. Based on matched simulation parameters, the 1 production forecast can be easily performed as in Fig. 21 . network and geomechanics effect on shale gas production performance will be investigated. In this case, all the simulation parameters are the same with Case 3 of Barnett shale reservoir.
1
The total length of non-planar hydraulic fractures (blue lines in Fig. 25) is the same as planar 2 fractures used in Case 3 (blue lines in Fig. 14) . Natural fractures are stochastically generated by an 3 open-source fracture generator ADFNE (Alghalandis, 2017). The geomechanics parameters for shale 4 reservoir are assumed (Wasaki and Akkutlu, 2015) as follows ( Table 5) :
5 Fig. 27 , the cumulative gas production of non-planar case with natural fracture has much higher 8 value (14.56% improvements) than the planar case in the Case 3. While in the case of same total 9 length, the non-planar fracture geometries will slightly degenerate the well performance (-5.69% 10 reduction). The influence of geomechanics effect with fracture closure on well performance is further 16 investigated by implementing Eqs. [15] [16] [17] . Fig. 28 shows the pressure contour at the 3.75 years for 17 the planar case ( Fig. 20a ) and realistic case (Fig. 20b) with non-planar hydraulic fracture, natural 18 fractures and geomechanics effect. As shown in Fig. 29 , at the earlier production period, even 19 realistic case has lower production than simple planar case due to geomechanics effect. But in the 20 10 -2 10 0 10 2 10 4 study and field scale engineering application. Chen, Z., Liao, X., Sepehrnoori, K. and Yu, W., 2018. A Semianalytical Model for Hu, X., Wu, K., Song, X., Yu, W., Tang, J., Li, G. and Shen, Z., 2018b. A new model for
